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Abstract

The baculum (os penis) has been extensively studied as a taxon-specific character in bats and other mammals

but its mechanical function is still unclear. There is a wide consensus in the literature that the baculum is

probably a sexually selected character. Using a novel approach combining postmortem manipulation and three-

dimensional (3D) imaging, we tested two functional hypotheses in the common noctule bat Nyctalus noctula,

the common pipistrelle Pipistrellus pipistrellus, and Nathusius’ pipistrelle Pipistrellus nathusii: (i) whether the

baculum can protect the distal urethra and urethral opening from compression during erection and copulation;

and (ii) whether the baculum and corpora cavernosa form a functional unit to support both the penile shaft

and the more distal glans tip. In freshly dead or frozen and thawed bats, we compared flaccid penises with

artificially ‘erect’ penises that were inflated with 10% formalin. Penises were stained with alcoholic iodine and

imaged with a lab-based high-resolution x-ray microtomography system. Analysis of the 3D images enabled us

to compare the changes in relative positions of the baculum, corpora cavernosa, urethra, and corpus

spongiosum with one another between flaccid and ‘erect’ penises. Our results support both functional

hypotheses, indicating that the baculum probably performs two different roles during erection. Our approach

should prove valuable for comparing and testing the functions of different baculum morphologies in bats and

other mammals. Moreover, we have validated an essential component of the groundwork necessary to extend

this approach with finite element analysis for quantitative 3D biomechanical modeling of penis function.

Key words: 3D model; Chiroptera; functional morphology; iodine stain; micro-CT; penis bone; x-ray

microtomography.

Introduction

Many different mechanical and behavioral hypotheses have

been proposed for baculum function in bats, and in mam-

mals more generally. However, the only studies on baculum

function based on experimental data were done in rats

(Rattus norvegicus) by Kelly (2000) and in mice (Mus muscu-

lus domesticus) by Simmons & Firman (2013) and Stockley

et al. (2013).

A single mechanical function for all the different baculum

shapes is very unlikely (Ruth, 1934; Dixson, 2012), so there

are probably various and overlapping mechanical functions

(Dyck et al. 2004). The baculum and corpora cavernosa

could form a functional unit due to their tight connection

and shared envelope of fibrous connective tissue. This func-

tional unit could increase the flexural stiffness of the penis

by transferring bending forces from the distal end of the

glans penis to the corpora cavernosa during copulation

(Long & Frank, 1968; Kelly, 2000). The baculum could

increase the stiffness of the corpora cavernosa by being

pressed into their distal ends, thus increasing the hydro-

static pressure within the corpora cavernosa during copula-

tion (Long & Frank, 1968; Kelly, 2000). The baculum could

affect penile shape during erection, and it could protect the

distal end of the urethra from compression, especially in

species in which coital locking occurs (Dyck et al. 2004; Dix-

son, 2012). The baculum may allow males to gain intromis-

sion if males are larger then females or if the penis is

inserted before it is fully erect (Long & Frank, 1968; Dixson,

2012). It might also serve to expand the female cervix to

optimize sperm deposition (Long & Frank, 1968).

Correspondence

Anna Nele Herdina, Department of Theoretical Biology, University of

Vienna, Althanstrasse 14, A-1090 Vienna, Austria. T: +436509589779;

F: +43142779567; E: annanele.herdina@univie.ac.at

Accepted for publication 10 December 2014

Article published online 6 February 2015

© 2015 Anatomical Society

J. Anat. (2015) 226, pp229--235 doi: 10.1111/joa.12274

Journal of Anatomy



In bats of the genera Pipistrellus (Herdina et al. 2014b)

and Plecotus (Herdina et al. 2010) our histological data also

support the hypotheses that the baculum protects the ure-

thra from compression during copulation (Dyck et al. 2004)

and that it forms a functional unit with the corpora cavern-

osa. During copulation this functional unit can transfer

bending forces from the distal end of the glans penis to the

corpora cavernosa, thereby increasing the flexural stiffness

of the whole erect penis (Long & Frank, 1968; Kelly, 2000;

Herdina et al. 2010, 2014b).

In bats, mating systems and songflight behavior have

been described for several species, including Nyctalus noctu-

la (McCracken & Wilkinson, 2000), Pipistrellus pipistrellus

(Sachteleben & von Helversen, 2006), and Pipistrellus nathu-

sii (Jahelkov�a & Hor�a�cek, 2011). In all three species the mat-

ing systems have been described as resource defense

polygyny with seasonal single-male multi-female groups,

but it seems to be more complicated and might share traits

with a lek-based mating system (Sachteleben & von Helver-

sen, 2006; Jahelkov�a & Hor�a�cek, 2011). However, in bats

very little is known about mating behavior, copulation dura-

tion, or copulation postures (Glass, 1966; Barclay & Thomas,

1979; O’Brien & Nankervis, 1994; Hosken et al. 2001; Dixson

et al. 2004, 2012; Sachteleben & von Helversen, 2006; Jahel-

kov�a & Hor�a�cek, 2011; Liu et al. 2013). For mammals in gen-

eral, behavioral functions of the baculum have also been

proposed. The baculum could enable protracted copulations

(Dixson, 1987, 2012) and could stimulate the female repro-

ductive tract (Dyck et al. 2004; Dixson, 2012). It could play a

role in eliciting neuroendocrine responses necessary for

induced mating postures and ovulation, or the stimulation

of corpus luteum function, in species that depend on mat-

ing to trigger these events (Patterson & Thaeler, 1982; Dix-

son, 2012). The baculum could also provide information

about male size or quality during intromission (Dyck et al.

2004). This could enable the baculum to function as a repro-

ductive isolating mechanism (Patterson & Thaeler, 1982).

Further studies on baculum function, mating systems, and

copulation behavior in bats can also contribute to answer-

ing questions on the evolution of bacular diversity and the

mechanism of sexual selection on baculum shape and size

(Patterson & Thaeler, 1982; Eberhard, 1993; Dixson et al.

2004; Hosken & Stockley, 2004; L€upold et al. 2004).

Aims

In this study we tested two functional hypotheses in three

bat species with similar baculum shapes, the common noc-

tule bat N. noctula, the common pipistrelle P. pipistrellus,

and Nathusius’ pipistrelle P. nathusii: (i) whether the bacu-

lum can protect the distal urethra and urethral opening

from compression during erection and copulation (Dixson,

1995); and (ii) whether the baculum and corpora cavernosa

form a functional unit to support both the penile shaft and

the more distal glans tip (Kelly, 2000).

Materials and methods

The specimens for this study were made available by the Depart-

ment of Zoology, Charles University, Prague (N. noctula, n = 15),

the Naturalis Biodiversity Center, Leiden (P. pipistrellus, n = 9; P. na-

thusii, n = 10) and the Natural History Museum Vienna (P. nathusii,

n = 1). We chose these three species for this study because of gen-

eral similarities in their overall baculum morphology (Hill & Harri-

son, 1987) and mating systems (McCracken & Wilkinson, 2000). The

N. noctula specimens were collected approximately 40 h after they

died in construction work at their hibernaculum; they were not pre-

served or frozen during that time. The Pipistrellus specimens were

found dead or died in rescue stations and were frozen shortly after

death (between 2009 and 2013). We thawed them directly before

preparation. All the specimens used in this study will be vouchered

in the mammal collection of the Natural History Museum Vienna.

We follow the definition of the glans penis of Meisenheimer

(1921), where the corpora cavernosa end in the shaft of the penis

and do not extend into the glans, whereas the baculum is always

found completely within the glans.

The corpora cavernosa in the penes of 26 bats were inflated with

formalin (see Fig. 1 and Kelly, 2000). The penis was carefully

resected close to the pubic bone. Sewing thread was tied loosely

around the penis near its proximal end. The needle (30G, diameter

0.30 mm) of a syringe filled with 10% formalin was inserted into a

corpus cavernosum at the proximal (cut off) end. The thread was

pulled taut around the penis and needle. The formalin was slowly

pushed into the corpora cavernosa, until it started to leak out at

the tied-off end. The needle was removed and the thread tied

tightly. The penis was then fixed in 10% formalin for at least

7 days. Additionally, the flaccid penes of nine bats were fixed in

10% formalin.

After fixation the penes were transferred to 100% ethanol via

ascending ethanol concentrations. They were stained with 1% (w/v)

elemental iodine in 100% ethanol (I2E; Metscher, 2009a; Herdina

et al. 2010) for at least 14 h to several days. Before scanning, the

samples were transferred back to 100% ethanol for at least 1 h to

improve contrast. Samples were mounted in polypropylene micro-

pipette tips (heat-sealed and filled with 100% ethanol; Metscher,

2009b) and sealed with parafilm.

High resolution microCT images were made with the Xradia

MicroXCT system in the Theoretical Biology Department at the Uni-

Fig. 1 Photos of inflating the penis of a male Pipistrellus pipistrellus

with formalin. Left: the bat with its label and a syringe with 30-gauge

needle; top right: the same needle inserted in the resected penis of

the same bat with the base tied shut before inflation; bottom right:

penis after inflation with formalin leaking out at the base.
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versity of Vienna, using a microfocus tungsten source, secondary

optical magnification of the scintillator images, and a 2k 9 2k

cooled CCD camera (www.xradia.com). Projection images were col-

lected every 0.25° over a rotation of 180° (plus the cone angle; Met-

scher, 2011) with 2 9 2 pixel binning, 4 9 optical magnification,

exposure times of 4–10 s, and source voltages of 40–60 kVp at

4–8 W.

Tomographic sections were reconstructed using the XMRECON-

STRUCTOR software (version 8.1) supplied with the Xradia system.

Reconstructed voxel sizes were 4.0–8.0 lm for the Pipistrellus sam-

ples, and 3.4–5.0 lm for the Nyctalus samples. Samples too long to

fit within one field of view at the desired magnification were

scanned in two overlapping segments along the rotation axis, and

the reconstructions were concatenated with the Xradia XMCONTROL-

LER program stitching function.

The reconstructed images were converted to image stacks of vir-

tual sections and exported to AMIRA 5.4.5 (http://www.fei.com/soft-

ware/amira-3d-for-life-sciences/). In AMIRA, two penes per species

(one flaccid and one inflated) were visualized as volume renderings

and the following elements were manually segmented: the bacu-

lum, the lacunae of the corpora cavernosa, the tunica albuginea of

the corpora cavernosa, the urethral lumen, and the corpus spongio-

sum (with the urethra). Surface renderings of the penes in their

flaccid and ‘erect’ state were compared among species.

Results

The three species studied were chosen to investigate the

function of this general baculum shape, with a long slender

shaft and bifurcated ends, but we also found certain differ-

ences among them. The largest of the species, N. noctula,

has the largest baculum absolutely, but also in relation to

penis length. In N. noctula, only the distal-most part of the

baculum is enveloped by the corpus spongiosum (Fig. 3,

gray arrows), whereas in both pipistrelle species more than

half of the baculum shaft is enveloped (Figs 4 and 5, gray

arrows). Baculum shape is very similar in N. noctula and P.

pipistrellus (supporting information Fig. S7) with a dorso-

ventral curve in lateral view. The baculum of P. nathusii is

bent back towards the dorsal surface of the penis in mid-

shaft but is curved proximally as in the other species. Soft

tissue morphology of the penis is similar all three species,

except for the shape of the prepuce and the portion of the

baculum covered by corpus spongiosum tissue in the glans

penis. Also, in the ‘erect’ penis of P. nathusii the corpora

cavernosa seem to show greater expansion than in either of

the other species.

When comparing flaccid penis anatomy with the anat-

omy of penes with erect corpora cavernosa (Fig. 2) a few

changes in the position of tissues relative to one another

are immediately visible in all three species (Figs 3-5 and sup-

porting information Figs S1-S6 and Video S1). In the ‘erect’

penes, the lacunae of the corpora cavernosa expand and

stretch out the tunica albuginea. Stretching the collagenous

tunica albuginea changes its position within the penis and

turns it from a thick, folded layer in the flaccid penis to a

straight, taut, thin one. The corpora cavernosa expand in

length and diameter, keeping their general U-shaped cross-

section owing to the network of trabeculae cross-linking

the inner walls of the tunica albuginea. In the ‘erect’ penis,

the skin is drawn up into a taut surface, indicating that the

corpora cavernosa take up most of the available space

within the shaft of the penis. With their U-shaped cross-sec-

tion, they surround the urethra and the corpus spongiosum

on the ventral side.

When the corpora cavernosa expand, they straighten

both the urethra and the corpus spongiosum. In the flaccid

penis, the urethra, surrounded for its whole length by the

corpus spongiosum, follows the curve of the flaccid penis.

When the corpora cavernosa are erect, the urethra and cor-

pus spongiosum are straight, embedded in the ventral sur-

face of the corpora cavernosa in the shaft, and lying

directly underneath and partly around the baculum within

the glans. The proximal, laterally divided end of the bacu-

lum surrounds the urethra laterally and dorsally (Figs 3–6).

The distal end of the baculum is directly dorsal to the ure-

thra, and both are surrounded by the corpus spongiosum.

A distal broadening of the corpus spongiosum around the

bone can be seen in the distal part of the glans, where the

praeputium is distinguishable from the glans (Figs 3–5, gray

arrows). The dorsal half of the urethral opening in the glans

is directly surrounded by the forked distal tip of the bacu-

lum (Fig. 6; Figs 3–5, black arrow).

From the three-dimensional (3D) images of this study, we

can confirm that the proximal end of the baculum is linked

to the corpora cavernosa over a much larger area than we

previously thought (Herdina et al. 2010): not only the very

Fig. 2 Schematic drawing of an inflated bat

penis. The distal tip of the penis is pointing to

the left, the proximal base of the penis to the

right. Gray arrows mark where the corpus

spongiosum is enveloping the baculum. White

arrows mark the area where the baculum and

corpora cavernosa are linked. Black arrow

shows the urethral opening.
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end is connected, but also a broad area of the dorsal sur-

face all along the bifurcated part of the proximal base of

the baculum (see Herdina, 2008; Herdina et al. 2014b).

From our previous histological studies, we know the bac-

ulum is tightly linked to the corpora cavernosa via entheses.

The tunica albuginea merges into the periosteum of the

baculum without a histologically distinguishable border

between the tissues (Herdina, 2008; Herdina et al. 2010,

2014b). Thus when the corpora cavernosa expand and stif-

fen, the baculum is pulled into a straight line with the cor-

pora cavernosa in N. noctula and P. pipistrellus, or into an

angle with the tip pointing dorsally in P. nathusii, moving

the distal tip up dorsally and pulling the proximal end

down (Figs 3–5, white arrows).

Discussion

The shape and size of the baculum show a great variety in

bats. Nevertheless, its basic designs are clade-specific and

provide key diagnostic criteria often used in taxonomy, par-

ticularly in the speciose groups rich in convergent pheno-

types. The largest family of bats, Vespertilionidae, is a

typical example (compare Hill & Harrison, 1987; Hor�a�cek &

Han�ak, 1985). However, despite numerous biometrical and

descriptive comparisons, little is known about functional

integration of these structures into penile morphology.

Here we have presented a new approach to analyzing func-

tion using post-mortem samples. Detailed 3D models based

on high-resolution microCT proved valuable for comparing

flaccid penes with experimentally inflated ‘erect’ ones on a

micromorphological scale, and functional anatomical analy-

sis of the 3D models provided support for two different

hypotheses on the mechanical functions of the baculum.

The most widely accepted theory on the evolution of ba-

cular diversity is that the baculum is subject to sexual selec-

tion (Eberhard, 1985; Arnqvist, 1998; Danielsson &

Askenmo, 1999; House & Simmons, 2003; Hosken & Stock-

ley, 2004; L€upold et al. 2004; Simmons & Firman, 2013;

Stockley et al. 2013). This is supported by the specifically dif-

ferentiated and sometimes elaborate bacula of many mam-

mals and their persistence in various lineages, and baculum

morphology is variable enough within a species to allow

sexual selection to take place. At the same time, the differ-

ence in baculum morphology between closely related spe-

cies is usually much more pronounced than differences in

baculum morphology within a species (Burt, 1960; Patterson

& Thaeler, 1982). In house mice, postcopulatory sexual selec-

tion on baculum thickness, through female choice, was

shown in breeding experiments by Simmons & Firman

(2013) and Stockley et al. (2013). In some primates and car-

nivores that engage in prolonged intromissions during cop-

ulation, the length of the baculum is sexually selected

(Dixson, 1987, 2012; Dixson & Anderson, 2004).

In general, the form of the baculum results from integra-

tion of three structural units differing in morphology,

development, and function: a proximal part interfacing

with the corpora cavernosa, a distal part related to the ure-

thral opening, and a medial part responding to prolonga-

tion of the structure (Kelly, 2000). Compared with ancestral

arrangements, the derived baculum type of the studied

taxa shows striking divergences in the morphology of par-

ticular parts: a robust and broad proximal unit, an early-

Fig. 3 3D models of Nyctalus noctula penes. 3D surface renderings of

manually segmented tissues overlaid on volume renderings of a flaccid

(top) and an inflated (bottom) N. noctula penis. Gray arrows mark

where the corpus spongiosum is enveloping the baculum. White

arrows mark the area where the baculum and corpora cavernosa are

linked. Black arrow shows the urethral opening. Orange: outer shape

of the penis (volume rendering), white: baculum, red: blood lacunae

in the corpora cavernosa, green: tunica albuginea of the corpora cav-

ernosa, blue: urethra, pink: corpus spongiosum.

Fig. 4 3D models of Pipistrellus pipistrellus penes. 3D surface render-

ings of manually segmented tissues overlaid on volume renderings of

a flaccid (top) and an inflated (bottom) P. pipistrellus penis. Gray

arrows mark where the corpus spongiosum is enveloping the bacu-

lum. White arrows mark the area where the baculum and corpora

cavernosa are linked. Black arrow shows the urethral opening.

Orange: outer shape of the penis (volume rendering), white: baculum,

red: blood lacunae in the corpora cavernosa, green: tunica albuginea

of the corpora cavernosa, blue: urethra, pink: corpus spongiosum.
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developing distal bifurcation (Maeda, 1978), and a quite

prolonged stick-like medial unit.

The baculum is directly dorsal to the part of the urethra

that goes through the glans, and the distal forked tip of

the baculum surrounds the dorsal half of the urethral open-

ing (Fig. 6; Herdina, 2008; Herdina et al. 2010, 2014b). One

hypothesized function of the baculum is that it protects the

distal urethra and urethral opening from compression dur-

ing erection and copulation (Dixson, 1995). The distal part

of the baculum is surrounded by the corpus spongiosum,

which anchors the urethra to the bone. The reconstructed

and segmented 3D images show that this arrangement is

likely to help straighten out the urethra and corpus spong-

iosum during erection, when the bone is pushed up and

forms a straight line with the corpora cavernosa. If we could

inflate the corpus spongiosum as well, we might see mor-

phological changes in the shape of the distal tip of the

glans. Similar to some rodent species, the glans might have

a species-specific bell shape when fully erect (Holmes et al.

1991). Inflating the corpus spongiosum might also help to

test other hypotheses on baculum function; e.g. whether

the baculum could stimulate the female reproductive tract

during copulation, or could serve as an indicator for male

quality (Dyck et al. 2004).

The baculum and the corpora cavernosa are enveloped in

a common fibrous structure to form a contiguous mechani-

cal unit. Since there is no histologically distinct separation

of the tunica albuginea and the baculum periosteum

(Herdina, 2008; Herdina et al. 2010, 2014b), the baculum

seems to be a stiffening element in the glans. This sug-

gested the hypothesis that the baculum and corpus cav-

ernosum form a functional unit to support both the penile

shaft and the more distal glans tip (Kelly, 2000). Here, we

observed that the baculum is connected to the corpora cav-

ernosa over a large area along the proximal end and dorsal

surface of its bifurcated base (Figs 3–5, gray arrows), and

the bone even changes position in relation to the other

penis tissues when the corpora cavernosa are inflated. This

supports the conclusion that the baculum and corpora cav-

ernosa form a functional unit to stiffen the penis through

to the glans during erection.

Of course, many mammalian species without a baculum

to take on these functions have penes that function ade-

quately for copulation. In humans, the corpus spongiosum

seems to be responsible for protecting the urethral opening

during copulation (Hatzichristou et al. 2003). The corpus

spongiosum is a low-pressure system (Purohit & Beckett,

1976; Kelly, 2000) but it expands the glans significantly in

many species, so in species lacking a baculum the glans

could take over the function of the baculum as a stiffening

element (Holmes et al. 1991).

In this first application of our new approach to three spe-

cies of vespertilionid bats, it was not possible to draw con-

clusions about intraspecific variation from our rather small

sample. In related studies, we have described intraspecific

variation in baculum shape in P. pipistrellus (Herdina et al.

2014a) and compared P. pipistrellus and P. nathusii bacu-

lum histomorphology and size (Herdina et al. 2014b). There

is little interspecific variation, as we specifically chose the

species for the similarities they show in overall baculum

morphology and mating systems. The shared features of

the bacula in all three species are the bifurcated, sturdy

base, the long, slender shaft with its forked tip, and the

dorsoventral curve in lateral view. The main difference in

baculum shape is the way the baculum of P. nathusii bends

back towards the dorsal surface of the penis in mid-shaft,

Fig. 5 3D models of Pipistrellus nathusii penes. 3D surface renderings

of manually segmented tissues overlaid on volume renderings of a

flaccid (top) and an inflated (bottom) P. nathusii penis. Gray arrows

mark where the corpus spongiosum is enveloping the baculum. White

arrows mark the area where the baculum and corpora cavernosa are

linked. Black arrow shows the urethral opening. Orange: outer shape

of the penis (volume rendering), white: baculum, red: blood lacunae

in the corpora cavernosa, green: tunica albuginea of the corpora cav-

ernosa, blue: urethra, pink: corpus spongiosum.

Fig. 6 Detail of the penis tip and urethral opening of Pipistrellus pipi-

strellus. Left: 2D virtual lateral section, right: 3D volume rendering;

both depicting the distal part of the glans penis with the distal part of

the urethra, the distal tip of the baculum and parts of the praeputium

of a P. pipistrellus penis.
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while curved proximally as in the other species. The larger

species N. noctula has a larger baculum than both of the pi-

pistrelle species. Soft tissue morphology is very similar,

except for the shape of the prepuce and the portion of the

baculum covered by corpus spongiosum tissue in the glans

penis. Also, in the ‘erect’ penis the corpora cavernosa seem

to show greater expansion in P. nathusii than in either of

the other species.

In this study only the corpora cavernosa were inflated,

not the corpus spongiosum or the accessory swelling tissue

within the praeputium. This limited the functional hypothe-

ses we were able to test with this experiment. Even with

morphological structures this small, it should be possible to

inflate all of the swelling tissues in the penis, possibly using

a chiropteran species larger than a pipistrelle. All the acces-

sory swelling tissue within the large praeputium, together

with the tiny distal end of the glans, also brings up the

question of whether the praeputium can even be pulled

back during copulation. According to Matthews (1937), in

vespertilionids the minute glans can be exposed by retract-

ing the prepuce in specimens examined immediately after

death. Inflating all the swelling tissues would also be an

important step towards an even more anatomically com-

plete 3D model of an important reproductive organ and its

function.

This new methodological approach to an old problem

helps to accurately follow the changes of tissue positions

relative to one another, even in post-mortem samples. The

efficacy of generating and analyzing anatomically accurate

3D models also opens up the possibility of using microCT-

based models to create finite element models for quantita-

tive testing of more complex functional hypotheses, such as

the effects of the increasing hydrostatic pressure within the

penis during copulation (Kelly, 2000). To test hypotheses on

baculum function such as stimulating the female reproduc-

tive tract (Dyck et al. 2004), an extended approach involv-

ing female reproductive anatomy and behavioral studies

would be necessary.

Conclusion

Both functional hypotheses tested – that the baculum pro-

tects the urethral opening and that it forms a functional

unit with the corpora cavernosa to provide stiffness within

the glans – are supported by our data. The novel approach

of combining experimental designs such as inflating penes

with high resolution microCT will help in the comparison

and testing of the functions of different baculum morpho-

logies, and paves the way for finite element modeling to

test biomechanical hypotheses in non-living specimens.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Video S1. Movie of an inflated Nyctalus noctula penis.

Fig. S1–S6. Pictures of 3D surface rendering of inflated Nyctalus

noctula penis, with the tissues added step by step. Orange:

outer shape of the penis (volume rendering), white: baculum,

red: blood lacunae in the corpora cavernosa, green: tunica albu-

ginea of the corpora cavernosa, blue: urethra, pink: corpus

spongiosum.

Fig. S7. 3D PDF of a Pipistrellus pipistrellus baculum.
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